ABSTRACT In contrast to other species, localized maternal mRNAs are not believed to be prominent features of mammalian oocytes. We find by cDNA microarray analysis enrichment for maternal mRNAs encoding spindle and other proteins on the mouse oocyte metaphase II (MII) spindle. We also find that the key translational regulator, EIF4EBP1, undergoes a dynamic and complex spatially regulated pattern of phosphorylation at sites that regulate its association with EIF4E and its ability to repress translation. These phosphorylation variants appear at different positions along the spindle at different stages of meiosis. These results indicate that dynamic spatially restricted patterns of EIF4EBP1 phosphorylation may promote localized mRNA translation to support spindle formation, maintenance, function, and other nearby processes. Regulated EIF4EBP1 phosphorylation at the spindle may help coordinate spindle formation with progression through the cell cycle. The discovery that EIF4EBP1 may be part of an overall mechanism that integrates and couples cell cycle progression to mRNA translation and subsequent spindle formation and function may be relevant to understanding mechanisms leading to diminished oocyte quality, and potential means of avoiding such defects. The localization of maternal mRNAs at the spindle is evolutionarily conserved between mammals and other vertebrates and is also seen in mitotic cells, indicating that EIF4EBP1 control of localized mRNA translation is likely key to correct segregation of genetic material across cell types.
T HE oocytes of many species, both invertebrate and vertebrate, contain a large collection of localized determinants in the form of proteins and translationally inactive maternal mRNAs. Similar localized determinants in mammalian oocytes have been proposed (Ciemerych et al. 2000) , but this aspect of mammalian reproduction remains controversial (Hiiragi et al. 2006) . Indeed, early mammalian embryogenesis is considered to be quite plastic and regulative in nature, so that localized determinants would not be expected to play essential functions. Embryo splitting can be used for twinning, and blastomere extirpation does not prevent elaboration of normal body plans and term development. Additionally, much of the volume of the mammalian oocyte eventually becomes allocated to cells that do not contribute to embryonic development, being destined instead to generate the placenta. Accordingly, prepatterning of the mammalian oocyte through localization of maternal mRNAs or proteins, if it occurs, appears to be dispensable for mammalian embryogenesis.
One potential exception to this would relate to localization within the oocyte of maternal mRNAs that support a vital process that is evolutionarily conserved between mammals and other species, namely the formation and maintenance of the meiotic spindle. Recent studies in Xenopus revealed enriched localization to spindle microtubules of mRNAs encoding spindle proteins (Blower et al. 2007 ). The spindle is a complex structure; proteomic studies of isolated spindles have identified .1100 spindle-associated proteins, of which nearly 400 are specific to spindles and shared with proteomic studies that incorporated DNAse digests to deplete DNA-associated proteins (Sauer et al. 2005; Bonner et al. 2011) , indicating that a large array of proteins is needed to support spindle formation, maintenance, and function. Localized maternal mRNAs could be translated in situ to provide a local high concentration of proteins, while minimizing potential deficiencies related to limitations in the speed or extent of protein accumulation from elsewhere within the ooplasm.
Many maternal mRNAs that undergo translational recruitment and degradation in the mouse oocyte encode spindleassociated proteins . Some recruited mRNAs contain recognizable cytoplasmic polyadenylation elements (CPEs), which participate in translational regulation, and other mRNAs contain binding motifs for DAZL (deleted in azoospermia-like), a CPEB-regulated protein that is critical for translational control of maternal mRNAs encoding spindle proteins . Many other mRNAs that are recruited stage specifically lack recognizable CPEs, indicating that multiple translational regulatory mechanisms may operate at different stages (Potireddy et al. 2010) .
Given the complex and dynamic pattern of maternal mRNA recruitment during oocyte maturation and early embryogenesis (Potireddy et al. 2006 (Potireddy et al. , 2010 Mtango et al. 2008; ) and the prevalence of spindle-encoding mRNAs among these, we wished to test oocytes of a mammalian species for conservation of localized maternal mRNAs at the spindle. We tested whether the key translational regulator, EIF4EBP1, might likewise be enriched at the spindle as part of the overall regulatory mechanism. We find by cDNA microarray analysis enrichment for maternal mRNAs encoding spindle proteins and other proteins on the mouse oocyte MII spindle. We also find that EIF4EBP1 undergoes a dynamic and complex spatially regulated pattern of phosphorylation at sites that regulate its association with EIF4E and its ability to repress translation. These phosphorylation variants appear at different positions along the spindle-chromosome complex (SCC) at different times throughout meiotic maturation. These results indicate that dynamic spatially restricted patterns of EIF4EBP1 may promote localized translation within the mammalian oocyte that contributes to spindle formation, maintenance, and function, and other nearby processes. Thus, localization of maternal mRNAs at the spindle is evolutionarily conserved between mammals and other vertebrates, and spatially regulated EIF4EBP1 phosphorylation may control the translation of these mRNAs, providing a means for coordinating spindle formation and maintenance with progression through the cell cycle.
Materials and Methods

Oocyte isolation and culture
Hybrid C57Bl/6 X DBA/2 (B6D2F1) females were obtained from the National Cancer Institute (NCI) at 5-6 weeks age and used from 6 to 10 weeks age. Mice were injected intraperitoneally with 5 IU of equine chorionic gonadotropin (eCG) and were sacrificed by cervical dislocation 44-48 hr later. Ovaries were dissected in 37°HEPES-buffered M2 medium with 0.2 mM isobutyl methyl xanthine (IBMX) (SigmaAldrich, St. Louis) to inhibit meiotic resumption of oocytes. Ovaries were held with forceps and punctured with a 27.5-gauge needle to release cumulus-enclosed oocytes (COCs) into the dish. All abnormal and dead COCs were excluded. COCs were cultured for 1 hr in 50 mL mineral oil-covered microdrops of MEMa (Life Technologies/Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (Life Technologies/Gibco) that had been preequilibrated overnight. Attached cumulus cells were removed by mouth pipetting using a narrow bore pipette with a diameter slightly larger than that of an oocyte. The appearance of a perivitelline space (PVS) between the oocyte plasma membrane and the zona pellucida after the 1-hr culture provided a reliable indicator of oocyte meiotic and developmental competence; only oocytes with a centrally located germinal vesicle (GV) and present PVS after 1 hr recovery were used for experiments (Inoue et al. 2007) . To release meiotic arrest, oocytes were washed six times in MEMa + 10% FBS lacking IBMX. The following times were used to isolate and fix oocytes at major meiotic cell cycle events: germinal vesicle breakdown (GVBD) at 2 hr after IBMX removal, metaphase I (MI) at 6 hr after IBMX removal, and MII at 16 hr after IBMX removal. To obtain in vivo matured MII oocytes, mice were injected with eCG, followed 48 hr later by 5 IU of human chorionic gonadotropin (hCG). Sixteen hours later, cumulus cells were removed by incubation in M2 medium containing hyaluronidase (120 IU/ml, Sigma).
All studies were approved by the Temple University Institutional Animal Care and Use Committee, consistent with National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and with Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) accreditation.
Expression microarray analysis
Total RNA was isolated from cells using the PicoPure RNA isolation kit (Invitrogen). Up to 50 ng of total RNA from each array sample were subjected to two rounds of cDNA synthesis using the RiboAmp HS Plus kit (Life Technologies/ Arcturus/Invitrogen). Labeled cRNA was produced using the Affymetrix GeneChip Expression 39 Amplification for IVT Labeling kit. The biotin-labeled cRNA samples were fragmented and 10 mg hybridized to arrays. Posthybridization washing, staining, and scanning were performed as described in the Affymetrix GeneChip Expression Analysis Technical Manual. Microarray data were preprocessed and analyzed with scripts written in R (R Development Core Team 2009), utilizing routines from Bioconductor (Gentleman 2004) . Probeset expression values were summarized and normalized using robust multiarray analysis (RMA) (Irizarry et al. 2003) . The Bioconductor implementation of Microarray Analysis Suite 5.0 algorithm was used to obtain probeset calls (present, absent, and marginal) . Probesets detected in all SCC and intact MII samples but with absent calls for enucleated oocyte samples, and satisfying both threshold criteria for inclusions (see below) were retained. Probesets detected in all SCC and intact MII samples and satisfying both threshold criteria for inclusions (see below) were retained, regardless of present/absent calls for enucleated oocyte samples. Average intensities for three sample groups were calculated from the normalized and filtered probesets, and compared as described in Results. Array data were deposited with the Gene Expression Omnibus database (accession no. GSE46875).
Oocyte fixation and immunofluorescence
Immunocytochemistry steps were performed in nine-well glass dishes (Pyrex) using 200 ml drops of solution for incubations. Oocytes were fixed in 3.7% paraformaldehyde/PBS (Electron Microscopy) for 30 min at room temperature, washed twice in blocking buffer [PBS containing 0.1% BSA (Sigma), 0.01% Tween-20 (Bio-Rad), and 0.02% sodium azide (Sigma)], and either stored at 4°or processed immediately. Samples were permeabilized in PBS containing 0.1% Triton X-100 (Bio-Rad) for 30 min and incubated in blocking buffer for 1 hr at room temperature. Primary antibodies were used at 1:50 dilution in blocking buffer and were from Cell Signaling Technology (Danvers, MA) with the exception of phospho-Ser111-EIF4EBP1 from Abgent (San Diego, cat. no. AP3473a) and MIS18A (also known as FASP1) from Santa Cruz Biotechnology (Dallas, . Primary antibodies included: EIF4EBP1 mAb (53H11 Cell Signaling cat. no. 9644S), EIF4EBP1 pAb (Cell Signaling cat. no. 9452S), phospho-Thr69-EIF4EBP1 pAb (Cell Signaling cat. no. 9455S), phospho-Ser64-EIF4EBP1 (Cell Signaling cat. no. 9451S), phospho-Ser235/236-S6 (D57.2.2E Cell Signaling cat. no. 4858P), and phosphoSer240/244-S6 (D68F8 Cell Signaling cat. no. 5364P). The polyclonal antibodies against EIF4EBP1, phosphoThr69-EIF4EBP1, and phospho-Ser64-EIF4EBP1 have been used extensively, and their specificity established in earlier studies (Gingras et al. 2001a; Wang et al. 2003; Ohne et al. 2008; Ma et al. 2009; Fonseca et al. 2011; Fuchs et al. 2011) including one report (Ellederova et al. 2006) in which SDS-PAGE/Western blotting of in vitro matured pig oocytes showed specific reactions with bands of the appropriate sizes. After overnight incubation with primary antibody at 4°, the oocytes were washed three times in blocking buffer for 10 min each wash. Secondary antibody incubation used goat anti-rabbit-Alexa 594 (Life Technologies/Molecular Probes) at 1:300 dilution for 1 hr at room temperature. Oocytes were washed three more times and mounted on slides in Vectashield mounting solution containing 1.5 mg/ml DAPI (Vector Laboratories, Burlingame, CA), covered with coverslips, and sealed with nail polish. Slides were stored in cases at 4°and protected from light with aluminum foil until use for confocal microscopy. Confocal microscopic images were obtained using a Leica TCS SP5 confocal microscope with a 340 1.25 NA oil objective. For DAPI excitation, the sample was excited with a UV laser; For Alexa 594 excitation, the sample was excited with a 561-nm laser. Sequential scanning was used to eliminate cross-talk between channels. All settings were kept constant within groups. For cytoplasmic signal quantification, mean intensity comparisons were performed using ImageJ from the National Institutes of Health (Schneider et al. 2012) .
Results
Enrichment of maternal mRNAs at the meiotic spindle revealed by expression microarray analysis
If localized maternal mRNAs play a vital role in spindle formation, maintenance, and function in the oocyte, there should exist a significant number of maternal mRNAs that are highly partitioned to the spindle. To test for enriched localization of mRNAs at the MII spindle in mouse oocytes, we isolated three samples of .1000 SCCs each by microsurgery. We also collected four samples of 25 cytoplasts from which SCCs had been removed, and three samples of 25 Some genes can be members of more than one category, hence values in columns 3, 5, 7, and 9 are not additive to 100%.
intact MII oocytes. The samples were processed for RNA extraction; the mRNA was reverse transcribed, amplified, and labeled; and the cRNA was hybridized to Affymetrix arrays. After normalization, average raw intensity values were compared to identify probesets that were different between the three sample types based on fold changes as follows: Assuming that the SCC would comprise no more than 10% volume of the oocyte, we calculated that a twofold enrichment for mRNAs at the spindle would yield an expression ratio of 2.25 for SCC:cytoplast and 1.125 for intact MII:cytoplast. Threefold enrichment would yield corresponding ratios of 3.85 and 1.285. We identified 50 mRNAs that satisfied both criteria for twofold enrichment, and an additional 3 that satisfied the SCC:cytoplast ratio but not the MII:cytoplast ratio with maximum raw intensity values of $1000 (Supporting Information, Table S1 ). The mRNAs with greatest levels of enrichment included two that encode known spindle or cytoskeleton-associated proteins, anillin and MIS18A. To evaluate the relationship of these localized mRNAs to the spindle and other cellular compartments, as well as the functions likely to be directed by their encoded proteins, we assigned the mRNAs to categories representing cellular compartments or processes (Table 1 ). The four most prominently affected categories included proteins associated with plasma membrane, chromatin/nuclear, signaling, and, as expected, spindle/cytoskeletal functions, followed by vesicle/endocytosis/protein transport, Golgi and endoplasmic reticulum, ubiquitination and protein degradation, and RNA binding.
For mRNAs with maximum raw intensity values between 500 and 999, 33 satisfied both criteria for enrichment and one satisfied just the SCC:cytoplast criterion. The most prominent cell compartment and functional categories for these mRNAs were again plasma membrane, chromatin/ nuclear, signaling, and spindle/cytoskeleton. This group had a higher representation of mRNAs related to signaling and plasma membrane functions.
An additional 74 mRNAs satisfied both criteria and had maximum raw intensity values of 100-499, and an additional 20 fulfilled just the SCC:cytoplast criterion for inclusion. The same top four categories were repeated for this group as the two higher signal intensity groups (with the exception of those listed as other or unknown functions), indicating that these categories are consistently seen across the range of signal intensity values. Protein degradation/ ubiquitination and mitochondrial associations were more prominent for this group of mRNAs.
None of the SCC-enriched mRNAs fulfilled the criteria for threefold or greater enrichment on the SCC. We note that the list of SCC-enriched mRNAs includes those encoding proteins found previously enriched on the SCC, such as calmodulin, as well as proteins involved in endocytosis, also previously found to be related to spindle formation and function (Miyara et al. 2006; Han et al. 2010) . Several of the genes associated with the plasma membrane are involved in interaction of the cell surface with the cytoskeleton or spindle.
We compared our list of mRNAs enriched at the SCC with a list of polysomal mRNAs enriched more than threefold in MII oocytes vs. one-cell embryos (Potireddy et al. 2006) . Twelve of 50 (24%) SCC-enriched mRNAs were also selectively translated at the MII stage (Atrx, Glce, Etnk1, Lbr, Rcn2, Sypl, Cdh1, Tex12, Hectd2, Dnajc3, Slc35a1, and Quantitative analysis of increased intensity of MIS18A localization to the spindle as compared to cytoplasm for MIS18A. Box plot distribution is shown where the mean is represented by a black square (n = 6, P , 0.0047 using one-tailed t-test with unequal variance). MIS18A, MIS18 kinetochore protein homolog A; GV, germinal vesicle; GVBD, germinal vesicle breakdown; MI, metaphase I; MII, metaphase II. Bmpr2). Conversely, comparing our SCC mRNA list to the list of mRNAs enriched on one-cell stage polysomes revealed only two mRNAs in common (Atp6v1 and Calm1). This confirms that the SCC-associated mRNAs are selectively translated in MII oocytes, as needed to contribute to spindle formation, maintenance, and function.
Enriched localization of MIS18A at the spindle Fully grown immature mouse oocytes from large antral follicles resume meiosis after the luteinizing hormone ovulatory surge or spontaneously when removed from the ovary. Nuclear envelope dissolution and chromatin condensation are followed by spindle formation and migration, extrusion of the first polar body containing homologous chromosomes, and arrest at metaphase II until fertilization or spontaneous activation. In rodents, maternal stores of maturation-promoting factor are adequate to initiate the process, but SCC formation requires protein synthesis (Hashimoto and Kishimoto 1988) , indicating a possible role for translational control of localized mRNAs in SCC formation.
If enrichment of maternal mRNA at the spindle supports its formation and function, we would expect to observe enriched localization of that protein to the SCC. We tested for enriched localization to the SCC of MIS18A (MIS18 kinetochore protein homolog A), a protein that is enriched in the mitotic spindle of HeLa cells, binds and recruits centromere protein A (CENPA) to centromeres, and is essential for metaphase alignment and proper chromosome segregation (Fujita et al. 2007) . This mRNA had an expression ratio of 3.55 for SCC:cytoplast and 1.54 for intact MII: cytoplast and therefore satisfied our criteria of being an mRNA with enriched localization to the SCC. Immunofluorescence detection of MIS18A in MII oocytes ( Figure 1 ) revealed enriched localization of the protein at the SCC, with an average immunoreactive signal intensity that was 1.5-fold higher in the SCC compared to the surrounding cytoplasm.
Ribosomal subunits indicative of active translation are present at the spindle We reasoned that for localized mRNAs to direct the localized synthesis of their proteins in support of SCC formation and function, the translational machinery would need to be present at the SCC. A commonly used marker of active translation is phosphorylated ribosome protein S6 (RPS6). Phosphorylated RPS6 is associated with efficient formation of translation initiation complexes and entrance into polysomes (Duncan and McConkey 1982; Thomas et al. 1982) . RPS6 is present at Xenopus laevis meiotic spindles (Blower et al. 2007) . To test for RPS6 at mouse oocyte SCCs, we performed immunofluorescence detection of two phosphorylated RPS6 variants (Ser235/236-P-RPS6 and Ser240/244-P-RPS6) in MII oocytes ( Figure 2 ). As expected, controls in which primary antibody was omitted from immunofluorescence showed no detectable signal. Both antibodies directed to phosphorylated RPS6 variants labeled the cytoplasm of GV and GVBD oocytes. Ser235/236-P-RPS6 coalesced in a ring around the condensing chromosomes in GVBD oocytes ( Figure 2E ). Though not enriched substantially above the surrounding cytoplasm, both phosphorylated variants were present at the SCC (i.e., there was no prominent void indicating absence of RPS6), consistent with translational capacity being present.
EIF4EBP1 expression and phosphorylation in oocytes
We next examined expression of EIF4EBP1. EIF4EBP1 is a key factor that regulates mRNA translation. This protein binds to EIF4E and inhibits its interaction with EIF4G, thereby interfering with translation initiation. EIF4EBP1 is an intrinsically disordered protein that undergoes dynamic folding and stabilization of tertiary structure when it binds to EIF4E (Fletcher and Wagner 1998) . The effect of EIF4EBP1 phosphorylation on EIF4E binding affinity is likely due to an intrastructural modulation that prevents folding into a binding-compatible conformation, thereby leaving EIF4EBP1 disordered and unfolded (Tait et al. 2010) . Of the seven serine/threonine phosphorylation sites reported in EIF4EBP1 (Thr36, Thr45, Ser64, Thr69, Ser82, Ser100, and Ser111 for mouse; human sequence numbers are greater by one), the first five are phylogenetically conserved among all species of organisms. The residues Ser100 and Ser111 are unique to EIF4EBP1 and not present in EIF4EBP2 or EIF4EBP3 orthologs. The other phosphorylation sites are present.
In general, hyperphosphorylated EIF4EBP1 is associated with EIF4E release leading to translation initiation, but controversy exists over the importance of particular sites in controlling the release of EIF4E binding (Gingras et al. 2001b; Harris and Lawrence 2003; Hay and Sonenberg 2004). In somatic cells, site-specific phosphorylation may follow an ordered, sequential pattern of acquisition (Gingras et al. 2001a; Ayuso et al. 2010) , but this has not been examined in detail for oocytes. Evidence for the role of specific phosphorylation sites in contributing to translation initiation is illustrated in Figure 3 . We hypothesized that the translational control of mRNAs localized at the SCC could be facilitated by stage-dependent, spatially-restricted EIF4EBP1 phosphorylation. Specifically, we focused on three phosphorylated residues for detailed examination as potential regulatory candidates: two sites close to the EIF4E-binding region (Ser64 and Thr69) and one site in the C-terminal regulatory region (Ser111).
We examined EIF4EBP1 expression, phosphorylation, and localization in GV-intact oocytes before maturation, after meiotic resumption at GVBD, at the MI stage during in vitro maturation, and at the MII stage after in vitro maturation. These periods represent major nuclear and cytoplasmic maturation events in which the oocyte has stage-specific requirements for protein synthesis; GVBD and chromatin condensation do not require protein synthesis, but progression to MI and maintenance of MII arrest are dependent on protein synthesis (Schultz and Wassarman 1977; Siracusa et al. 1978) . We examined expression of EIF4EBP1 with phosphorylation at Ser64, Ser111, and Thr69 (Figures 4 and  5 ). In addition, we examined the expression of EIF4EBP1 (independent of phosphorylation) using both a monoclonal and a polyclonal antibody against total EIF4EBP1 (Figures 4 and 5). For a summary of immunofluorescent staining results see Figure 6 .
Staining GV-intact oocytes with the antibody for total EIF4EBP1 revealed diffuse staining throughout the entire cytoplasm and nucleus, except for an absence in the nucleolus. (Figure 4 , row 1). Antibodies against Ser64-phosphorylated EIF4EBP1 (Ser64-P-BP1) showed localization to the GV and cytoplasm, with intense spots also visible within the nucleus (Figure 4 , row 2). After GVBD, Ser64-P-BP1 showed an increase in cytoplasmic staining and a strong signal associated with the condensing chromosomes. The antibody specific for Ser111-phosphorylated EIF4EBP1 (Ser111-P-BP1) (Figure 4 , row 3) produced a very similar pattern to Ser64-P-BP1, with an increase in cytoplasmic staining and chromosomeassociated signals concomitant with germinal vesicle breakdown. The antibody specific for Thr69-phosphorylated EIF4EBP1 (Thr69-P-BP1) (Figure 4 , row 4) showed a lowlevel homogeneous distribution within the nuclear and cytoplasmic compartments at the germinal vesicle stage, in addition to signals on cytoplasmic foci. After GVBD, overall cytoplasmic levels for Thr69-P-BP1 did not change, but staining was acquired in specific association with the condensing chromosomes.
At first metaphase, staining with the antibody for total EIF4EBP1 showed continued diffuse staining throughout the cytoplasm. Antibodies for Ser64-P-BP1 and Ser111-P-BP1 showed strikingly similar immunostaining patterns, which included signals at both poles of the spindle and on small foci throughout the cytoplasm (Figure 4 , rows 2 and 3). Localization was also seen on kinetochores of MI chromosomes for both of these phosphorylated forms. Interestingly, Thr69-P-BP1 was enriched along the polar spindle microtubules.
After separation of homologous chromosomes and extrusion of the first polar body, oocytes bypass interphase without DNA replication and arrest at the second metaphase of meiosis. Protein synthesis is required for the maintenance of this arrest (Siracusa et al. 1978) , and synthesis of cyclin B is believed to play a major role in this process (Hashimoto and Kishimoto 1988) . Staining with the antibody for total EIF4EBP1 revealed diffuse cytoplasmic staining, similar to earlier stages of maturation. An 40% decrease in EIF4EBP1 cytoplasmic levels was seen in MII oocytes compared to GV-intact stage oocytes ( Figure 5 ). The monoclonal and polyclonal antibodies produced similar results for all stages examined, with the exception that at MII, the monoclonal antibody showed an enrichment on the polar spindle microtubules that matches the enrichment pattern of Thr69-P-BP1. Thr69-P-BP1 displayed a low level of staining throughout the cytoplasm that did not change significantly during maturation ( Figure 5 ), but showed a striking signal along the polar microtubules in all MII oocytes examined ( Figure 4 , row 4). Ser64-P-BP1 and Ser111-P-BP1 displayed Figure 3 Model illustrating site-specific phosphorylation and regulation of EIF4EBP1. Motifs within mouse EIF4EBP1 are shown below the primary structure along with their amino acid sequences. Upstream signals (insulin, cell cycle M phase, and DNA damage) and downstream kinases (mTOR, CDK1, and ATM) impact the phosphorylation state of EIF4EBP1 at several residues including the sites (P)Ser-64, (P)Thr-69, and (P)Ser-111. Phosphorylation sites are shown as solid sites within the structure and motifs are shown as open boxes. DOG 2.0 protein domain structure illustrator software (Tsukiyama-Kohara et al. 2001) was used to generate the EIF4EBP1 protein structure model. mTOR, mammalian target of rapamycin; CDK1, cell division kinase 1; ATM, ataxia telangiectasia mutated.
intense signals on the spindle poles and in spots throughout the cytoplasm (Figure 4 , rows 2 and 3). Ser64-P-BP1 staining was also enhanced in the cortical granules of all oocytes examined. Ser111-P-BP1 did not show cortical granule staining (Figure 4 ). Ser64-P-BP1 and Ser111-P-BP1 were again enriched on the kinetochores of chromosomes, but this was less intense than seen in MI oocytes. Whereas total levels of EIF4EBP1 decreased throughout maturation, cytoplasmic signals for both Ser64-P-BP1 and Ser111-P-BP1 showed an 4.5-fold relative increase as compared with GV-intact stage oocytes (Figures 4 and 5) .
Discussion
Maternal mRNA localization has been broadly observed in invertebrate and anamniote vertebrates, but has not been associated with mammalian oocytes. Our results demonstrate that mRNAs encoding proteins associated with the spindle chromosome complex are spatially enriched at the SCC. Moreover, our data demonstrate the presence at the SCC of the protein translation apparatus and the developmentally regulated phosphorylation of a key translational control protein, EIF4EBP1, as well as enriched expression of one protein, MIS18A, encoded by one of the localized mRNAs. Localization of mRNA to the spindle has also been reported for Xenopus oocytes (Blower et al. 2007) . Collectively, our results demonstrate that mammals and amphibians share this aspect of maternal mRNA localization in oocytes. Such localization is also seen in somatic cells (Mili and Macara 2009) , indicating that it likely plays a key role in the proper formation and function of both meiotic and mitotic spindles and chromosome segregation during meiosis and during mitosis in diverse cell types. However, differences between cell types suggest that distinct modes of regulation exist.
The translational control of these SCC-associated mRNAs is likely to be complex, as maternal mRNAs, including some encoding spindle proteins, are regulated by a combination of binding proteins ). Our results demonstrate that the regulated phosphorylation of EIF4EBP1 may contribute to this regulation. An increase in EIF4EBP1 phosphorylation was previously seen in porcine and bovine oocytes by Western blotting (Tomek et al. 2002; Ellederova et al. 2006) , and is confirmed here for mouse oocytes. Because EIF4EBP1 phosphorylation releases EIF4E binding to permit initiation, the overall increase in phospho-EIF4EBP1 in the ooplasm may facilitate maternal mRNA translational recruitment in the ooplasm.
The dynamic spatial and temporal pattern of localization of phosphorylated EIF4EBP1 at the spindle is indicative of a novel mechanism promoting localized protein production. We propose that, as the spindle forms, it captures mRNAs that remain translationally repressed by the presence of EIF4EBP1. Phosphorylation of EIF4EBP1 may allow localized mRNA translation to sustain spindle formation and provide an ongoing supply of proteins for spindle maintenance. This may allow diverse cellular signals to be integrated to control the timing of localized mRNA translation in support of spindle formation and meiotic progression. 1 (A-D) shows confocal immunofluorescence results of oocytes stained with polyclonal antibody against total EIF4EBP1 (n = 9, 11, 5, and 12 for GV, GVBD, MI, and MII, respectively); row 2 (E-H) shows Ser64-P-BP1 (n = 7, 12, 6, and 8); row 3 (I-L) shows Ser111-P-BP1 (n = 11, 10, 8, and 14); row 4 (M-P) shows Thr69-P-BP1 (n = 5, 7, 7, and 8). All antibodies were used in two to four separate experiments, and separate lots were tested when available. The signal produced by each antibody is shown in red and DNA is shown in blue. Bar, 20 mm.
mRNA Enrichment at Spindles in Mouse Oocytes
The regulation of EIF4EBP1 phosphorylaton at the spindle is likely to be temporally and mechanistically distinct from its regulation in the rest of the oocyte. We observe some level of EIF4EBP1 phosphorylation before and after maturation, but a spatially dynamic pattern with enriched localization at the spindle on a background of overall diminishment of total EIF4EBP1 content ( Figure 6 ). Thr69-P-BP1 is present at a low, diffuse level at both GV and MII stages, but undergoes dramatic enrichment at the spindle. Kinases associated with the spindle and cell cycle progression are obvious likely controllers. Kinases implicated in EIF4EBP1 phosphorylation include mTOR, polo-like kinases, cyclin-dependent cell division kinases, and several others (Lawrence et al. 1997; Yang and Kastan 2000; Heesom et al. 2001; Shang et al. 2012) . For example, PLK1-mediated phosphorylation in the region of human EIF4EBP1 residues 77-118, which includes Ser112, is accompanied by localization to spindles in mitotic cells. The roles of mitotic kinases in EIF4EBP1 phosphorylation suggests that EIF4EBP1 may help regulate spindle formation and function and cell cycle progression, including proper oocyte maturation.
We observe significant differences between meiotic and mitotic spindles in the regulation of EIF4EBP1 phosphorylation and localization. We observe two distinct localization patterns for phosphorylated variants of EIF4EBP1 on meiotic spindles of mouse oocytes: Thr69-P-BP1 along the polar microtubules, and Ser64-P-BP1 (with Ser111-P-BP1) at the spindle poles and kinetochores. In HeLa cells, cell-cycledependent phosphorylation of EIF4EBP1 occurrs, and CDC2 was identified as the critical kinase during mitosis at Ser65 and Thr70 (Heesom et al. 2001) . Identical phosphorylation patterns at Thr70-P-BP1 and Ser65-P-BP1 in mitotic HeLa cells (Heesom et al. 2001) contrasts with the distinct locations during oocyte meiosis. We also observe differences between metaphases I and II in the phosphorylation of EIF4EBP1. These differences between MI, MII, and mitotic spindles point to possible functional heterogeneity for EIF4EBP1 in supporting the formation and function of spindles that participate in different types of cellular division.
The functional categories represented by the mRNAs enriched at the SCC bears mention. Aside from the expected prevalence of spindle-and cytoskeleton-related proteins and signaling proteins, many of the SCC-enriched mRNAs encoded nuclear/chromatin-associated proteins, proteins associated with the Golgi and endoplasmic reticulum, and proteins related to protein degradation and ubiquitination. The presence of mRNAs encoding chromatin-associated proteins may provide a ready supply of proteins needed for chromatin compaction or nuclear functions after meiosis. The mRNAs encoding Golgi proteins may be important for spindle positioning, as inhibition of Golgi-based membrane fusion by brefeldin A treatment disrupts asymmetric spindle positioning in both MI and MII mouse oocytes (Wang et al. 2008) . The mRNAs encoding ER proteins may be related to a dynamic association of the ER with the spindle just prior to the first metaphase, when the SCC is translocated to the cell surface (FitzHarris et al. 2007) . The presence of mRNAs encoding proteins associated with the plasma membrane and the cytoskeleton may also contribute to asymmetric spindle localization in the oocyte. The presence of mRNAs encoding proteins related to ubiquitination would also be consistent with a local role for these proteins in controlling spindle formation and function (Mtango et al. 2012) .
The decline in total EIF4EBP1 expression during maturation with a coincident increase in phosphorylation of Ser64 and Ser111 raises the possibility that phosphorylation regulates EIF4EBP1 stability as well as its binding to EIF4E. A dual effect of phosphorylation of EIF4EBP1 was reported elsewhere, either reducing affinity of EIF4EBP1 for EIF4E, or promoting polyubiquitination and decreased EIF4EBP1 stability (Elia et al. 2008) . Our data are consistent with EIF4EBP1 degradation subsequent to phosphorylation. Overall, the data suggest that phosphorylation and possibly ubiquitination regulate the availability and function of EIF4EBP1 during meiosis. Regulating EIF4EBP1 expression at the spindle may thus comprise one aspect of the critical role for the ubiquitin pathway previously seen in oocytes (Mtango et al. 2012) .
The 7-methylguanosine cap (m 7 G) and the activities of its direct and indirect binding proteins, including EIF4EBP1, contribute to the regulation of maternal mRNA translation in the mouse oocyte. The m 7 G cap is present on the majority ($80%) of mRNA molecules from both unfertilized and fertilized mouse eggs, and nearly all mRNA extracted from unfertilized mouse eggs are translated in vitro and sensitive to inhibition by m 7 GTP (Schultz et al. 1980 ). In addition, mRNA decapping via maternally recruited DCP1A and DCP2 is involved in the degradation of maternal transcripts during maturation and proper genome activation in mouse (Ma et al. 2013) . Thus, the cap-binding protein EIF4E and its Figure 5 Quantification of cytoplasmic expression of EIF4EBP1 and phosphorylated variants in GV-and MII-stage oocytes. GV and MII oocytes were isolated, matured (for MII oocytes), fixed, and immunostained as described in Materials and Methods. Cytoplasmic fluorescence intensities were calculated using ImageJ software (NIH) and compared using a two-tailed t-test. Error bars represent SEM. Solid represents GV oocytes and shading represents MII oocytes. *P , 0.05; NS, not significantly different.
binding partner EIF4EBP1 are important for the recruitment and translation of maternal mRNAs during maturation and early development.
We note that EIF4EBP1 null mice are viable and fertile, but display selective effects in tissues where the ratio of EIF4EBP1 to other EIF4EBP orthologs is highest, as well as hypoglycemia, reduced fat deposition, and increased metabolic rates (Tsukiyama-Kohara et al. 2001). The potential roles for other EIF4EBP orthologs in compensating for an absence of EIF4EBP1 in oocytes remains to be evaluated.
Defective regulation of EIF4EBP1 may contribute to diminished oocyte quality. Age-related increases in oocyte aneuploidy are accompanied by defects in the meiotic spindle (Chiang et al. 2012; Nagaoka et al. 2012 ) and aberrant regulation of maternal mRNA (Pan et al. 2008) . Oocytes from diabetic mice also display meiotic defects, including chromosome misalignment and spindle abnormalities, which can be reversed by islet transplantation (Cheng et al. 2011) . Insulin signaling may promote the production of high-quality oocytes (Wang and Moley 2010) via mTOR-mediated phosphorylation of EIF4EBP1. Future studies to determine the mechanisms by which insulin regulates meiosis should add to our mechanistic understanding of how dysregulated insulin signaling might affect oocyte quality and developmental competence. Our discovery of localized maternal mRNAs and phosphorylated EIF4EBP1 at the spindle also provide renewed incentive for dissecting the mechanisms that link maternal age, genotype, and environmental exposures to diminished oocyte quality arising out of defective spindle formation and function. Table S1 . Probesets for mRNAs showing increased abundance in the spindle-chromosome complex
Probesets with maximum raw intensity values 1000 or greater Probesets with maximum raw intensity values of 500-999
Probesets satisfying one of two criteria for inclusion at the level of two-fold enrichment
Sema domain, transmembrane domain (TM), and cytoplasmic domain, (semaphorin) 6D 
